Therapeutic hypothermia is only partially protective for neonatal encephalopathy; there is an urgent need to develop treatments that augment cooling. Our objective was to assess safety, efficacy and pharmacokinetics of 5 and 15 mg/kg/24 h melatonin (proprietary formulation) administered at 2 h and 26 h after hypoxia-ischemia (HI) with cooling in a piglet model. Following moderate cerebral HI, 30 piglets were eligible and randomized to: i) Hypothermia (33.5°C, 2-26 h) and vehicle (HT + V;n = 13); b) HT and 5 mg/kg melatonin over 6 h at 2 h and 26 h after HI (HT + Mel-5;n = 4); c) HT and 15 mg/kg melatonin over 6 h at 2 h and 26 h after HI (HT + Mel-15;n = 13). Intensive care was maintained for 48 h; brain MRS was acquired and cell death (TUNEL) evaluated at 48 h. Comparing HT + V with HT + Mel-5 and HT + Mel-15, there was no difference in blood pressure or inotropic support needed, brain Lactate/N Acetylaspartate at 24 h and 48 h was similar, ATP/phosphate pool was higher for HT + Mel-15 versus HT + V at 24 h (p = 0.038) but not 48 h. A localized reduction in TUNEL positive cell death was observed in the sensorimotor cortex in the 15 mg/kg melatonin group (HT + Mel-15 versus HT + V; p < 0.003) but not in the 5 mg/kg melatonin group (HT + Mel-5 versus HT + V; p = 0.808). Putative therapeutic melatonin levels were reached 8 h after HI (10 4 increase from baseline;~15-30 mg/l). Mean ± SD peak plasma melatonin levels after the first infusion were 0.0014 ± 0.0012 mg/l in the HT + V group, 3.97 ± 1.53 mg/l in the HT + Mel-5 group and 16.8 ± 8.3 mg/l in the HT + Mel-15 group. Protection was dose dependent; 15 mg/kg melatonin started 2 h after HI, given over 6 h, was well tolerated and augmented hypothermic protection in sensorimotor cortex. Earlier attainment of therapeutic plasma melatonin levels may optimize protection by targeting initial events of reperfusion injury. The time window for intervention with melatonin, as adjunct therapy with cooling, is likely to be narrow and should be considered in designing future clinical studies.
Introduction
Intrapartum-related insults at full term, such as hypoxia-ischemia (HI), are the 3rd leading cause of child death across the world (Liu et al., 2016) . Each year, over 0.7 million affected newborns die and 1.15 million newborns develop acute disordered brain function known as neonatal encephalopathy (NE) (Kurinczuk et al., 2010) . The incidence of NE in Western Europe and North America is around 1-3/ 1000 term births depending on the definitions used (Lee et al., 2013) . Although improvements in care might prevent NE and neonatal death in some cases (NPEU, 2017), many cases cannot be prevented and therapies are limited. Therapeutic hypothermia (HT) initiated within 6 h of birth improves outcome, yet despite this therapy 44-53% of infants with NE die or suffer moderate to severe disabilities including cerebral palsy, developmental delay, epilepsy and visual impairment (Edwards et al., 2010; Jacobs et al., 2011) . Attempts to increase brain protection with deeper and longer cooling (Alonso-Alconada et al., 2015; Shankaran et al., 2014; Shankaran et al., 2017) suggest that current clinical cooling protocols are optimal and that other therapies which augment hypothermic neuroprotection in NE are needed (Robertson et al., 2012) .
In a comparative review of potential neuroprotective agents that might augment HT for NE, melatonin (N-acetyl-5-methoxytryptamine) showed most promise in terms of efficacy and safety (Robertson et al., https://doi.org/10.1016/j.nbd.2018.10.004 Received 13 July 2018; Received in revised form 25 September 2018; Accepted 4 October 2018
